De novo sequencing, assembly and characterisation of Aloe vera transcriptome and analysis of expression profiles of genes related to saponin and anthraquinone metabolism 
Background
The genus Aloe belongs to the family Xanthorrhoeaceae, subfamily Asphodeloideae [1] consisting of many shrubby tropical/subtropical plant species with succulent and elongated leaves. The genus contains more than 360 species, out of which only four have been reported to exhibit medicinal properties: Aloe vera, Aloe arborescens, Aloe ferox, and Aloe perryi. Among all the species, Aloe vera Linne Synonym Aloe barbadensis Miller is considered to be medicinally most potent, therefore, it is most popular [2, 3] . Aloe vera shows innumerable medicinal attributes such as skin burn healing [4] , anti-inflammatory [5] , hepatoprotective [6] , anti-tumor [7] , anti-ulcer [8] , antihypercholesterolemic [9] , anti-hyperglycemic [10] , anti-asthmatic [11] and antioxidant activities [12] . Aloe vera extracts have been demonstrated to be advantageous in the treatment of even AIDS [13] . It has similar anti-aging effects as exhibited by vitamin A derivatives [14] .
Aloe vera contains numerous active ingredients including anthraquinones, polysaccharides, alkylbenzenes, dehydrabietic acid derivatives, salicylic acid, lectin, carotenoids, lignin, saponins etc. that attribute for its high therapeutic value [15] . Many of the medicinal properties of Aloe vera are ascribed to secondary metabolites though they are relatively minor in their concentration in the plant (< 1% dry weight) [16] . Aloe vera exhibits antibacterial property because of anthraquinones that behave like tetracycline by blocking the ribosomal A site, thus, interrupting bacterial protein synthesis [17] . Saponins are another important group of secondary metabolites synthesized as defensive compounds against pathogenic microbes and herbivores [18] [19] [20] . Saponins present in Aloe vera also act as an effective anti-microbial agent against various bacteria, viruses, fungi, and yeasts [21] . Aloe vera extract act as an antioxidant due to carotenoids present in it [22] . Lignins present in Aloe vera penetrate deep into the skin and help in introducing other medicinal ingredients to penetrate into the skin. Therapeutic effects of Aloe vera have not been correlated well with individual metabolite and it remains unknown whether the biological activities of the plant are due to a single component or the collaborative efforts of many components [23] .
An increasing trend where consumers tend towards a healthy lifestyle, coupled with the increased use of Aloe vera extracts as an ingredient in food, pharmaceutical and cosmetics products, increases its market growth across the globe. International Aloe Science Council (IASC) estimated that the global consumption of Aloe vera will surpass 60,720.4 tonnes in 2016, accounting for revenues worth US$ 1.6 billion [24] . Presently, a large industrial sector is attempting to exploit the great biological potential of Aloe vera. The biological potential is determined by the various complex interactions between the genome, gene products, and metabolites. Various functional genomics approaches are now emerging as powerful tools to accelerate the comprehensive understanding of the molecular basis of biological functions. Genomics approaches have also proved to be significant tools in identifying transcription factors, and candidate genes involved in the plant's secondary metabolism [25] . Next-generation sequencing technology has revolutionized the genomics field by providing a rapid, cost-effective and efficient gene sequencing data, enabling the identification of genes related to metabolic pathways, especially in non-model plants for which no reference genome is available; for instance; American ginseng, [26] Eucalyptus, [27] rubber tree [28] and many more. Transcriptome sequencing using Illumina mRNA-Seq reads has proved to be an efficient approach in many plants for which transcriptome data is validated and analyzed as well, including Eucalyptus, [27] blackberry, [29] Uncaria, [30] Lolium, [31] orphan, [32] sesame, [33] alfalfa, [34] sweet potato, [35] Centella, [36] Ocimum [37] pear, [38] rose-scented geranium, [39] Withania somnifera [40] . The present study used NGS technology for whole transcriptome sequencing of Aloe vera root and leaf tissues, performed using Illumina Hi-Seq technology. It provides valuable sequence information from Aloe vera root and leaf tissues with special emphasis on genes related to secondary metabolic pathways. Genes related to secondary metabolic pathways were examined for differential expression in root and leaf tissue by quantitative real-time PCR. Real-time PCR comprises a dynamic range, remarkable sensitivity, and sequence-specificity that enables additional independent confirmation of NGS based data [41] Methyl jasmonate treatment was given to the experimental plant to check the relative expression of genes under stress conditions at different time intervals. The transcriptome sequencing and analysis provides a strong platform of genomic sequences, to serve biosynthetic pathway and metabolic engineering programs of basic as well as applied research on Aloe vera and catalyze path of its change of use from extracts to molecules.
Results

De novo transcriptome assembly and validation
Illumina Hi Seq platform sequencing results of cDNAs prepared from total RNA when processed by removing the adapter sequences, ambiguous reads i.e. reads with unknown nucleotides "N" larger than 5%, and low-quality sequences i.e. reads with more than 10% quality threshold, QV < 20 phred score, resulted in high-quality transcriptome data as 51 Table 1 ). The non-redundant transcripts were clustered together using CD-HIT-EST considering 95% identity and query coverage to obtain unigenes. Overall 1,13,063 unigenes for root and 1,41,310 unigenes for leaf have been identified with an average length of 743 bp and 640 bp for root and leaf respectively, including 25,330 unigenes for root and 23,959 unigenes for leaf having sequence size > 1000 bp. Candidate coding regions within unigenes were identified using TransDecoder. A total of 43,443 and 43,178 CDS were obtained for root and leaf with a mean length of 881 bp for root which is somewhat larger than that of leaf (866 bp).
Functional annotation
Identified CDS were searched against NCBI non-redundant (Nr) protein database using Basic local alignment search programme BlastX, considering E-value ≤1e-05.BLASTX resulted in the annotation of 37,194 and 37,720 CDS for root and leaf samples respectively. Out of above CDS, 6249 from root and 5458 from leaf had no significant BLAST hit. The majority of hits were found to be against Elaeis guineensis (34%) followed by Phoenix dactylifera (28%) (Figs. 2 and 3 ). GO mapping was carried out to assign the functions for BLASTX annotated CDS, using Blast2GO program. BLASTX result accession IDs were used to retrieve UniProt IDs making use of Protein information resources (PIR) like PSD, UniProt, SwissProt, TrEMBL, RefSeq, GenPept and PDB databases. Accession IDs are searched directly in the dbxreftable of GO database. In root sample 18,459 CDS were found to be involved in biological processes (Fig. 4) , 10,346 in cellular components (Fig. 5 ) and 11,060 in molecular functions (Fig. 6 ) whereas in leaf sample, 19,429 CDS were involved in biological processes (Fig. 7) , 10,774 in cellular components (Fig. 8) and 11, 830 in molecular functions (Fig. 9) . About 35% genes of root and leaf were involved in biological processes, 39% having molecular functions and remaining 26% genes were identified to engage in cellular processes (Figs. 10 and 11 ). In case of biological processes of root and leaf, a maximum number of genes (5890 genes in root and 6329 genes in leaf) were involved in metabolic processes followed by the genes related to cellular processes (root 4766;leaf 5273) and single-organism process (root 3345;leaf 3398) of the plant. Some other genes were also identified including response to stimulus (root 753;leaf 744), localization (root 1231;leaf 1201), biological regulation (root 940; leaf 989), multicellular organism process (root 177; leaf 173), biogenesis (root 627; leaf 604), signaling (root 283;leaf 298), developmental process (root 210;leaf 197), reproductive process (root 115; leaf 96), growth (root 22; leaf 26), immune system process (root 19; leaf 18), rhythmic process (root 5; leaf 9), locomotion (root 5; leaf 9), biological adhesion (root 6; leaf 2) and cell killing activity (root 1; leaf 1). Cellular component GO term distribution of function tells that mostly genes were involved in cell maintenance (root 3333; leaf 3506), membrane function (root 3263; leaf 3.317) and organelle formation (root 2328; leaf 2464). GO distribution of the genes related to molecular functions showed that maximum genes were referred to catalytic activity (root 5072; leaf 5366; leaf) and binding (root 4539; leaf 5085) followed by genes of the transporter (root 662; leaf 622) and structural molecular activity (root 374; leaf 344). A few other genes related to molecular function, have been annotated including molecular function regulator (root 90; leaf 101), transcription factor to nucleic acid binding (root 104; leaf 77), transcription factor to protein binding (root 22; leaf 37), electron carrier activity (root 51; leaf 47), nutrient reservoir (root 10; leaf 7) and metallochaperone activity (root 4; leaf 4).(Additional file 1: Top 10 most represented GO terms of 3 major GO domains in Aloe vera root and leaf).
Transcription factor analysis
Several transcription factors have been identified by searching the predicted CDS against plant transcription factor database PlantTFdb. Majority of hits were found to be with basic helix loop helix (bHLH) transcription factor, the number being 816 in root tissue and 806 in leaf tissue respectively. Although role of bHLH transcription factor is still unclear in plants. Second (Tables 2 and 3 ).
KEGG pathway mapping of CDS
The identified CDS were mapped to reference canonical pathways in KEGG to review the potential involvement of predicted genes in a particular biological pathway. In Aloe vera transcriptome KEGG analysis, 6114 CDS for root and 6527 CDS for leaf were found enriched in 24 different KEGG pathway categories. A total of 2902 genes for root and 3139 genes for leaf were functionally assigned for metabolism comprising carbohydrate metabolism (root 527; leaf 560), energy metabolism (Table 4) .
Potential gene identification related to secondary metabolism from KEGG pathway mapping
In our research, several putative genes related to saponin, lignin, anthraquinone, carotenoid and phenylpropanoid The transcriptomic analysis has provided various genes related to carotenoid biosynthesis including phytoene synthase (root 10; leaf 4), 15-cis-phytoene desaturase (root 2; leaf 2), zeta-carotene isomerase (root 1; leaf 2), prolycopene isomerase (root 4; leaf 1), lycopene beta-cyclase (root 1; leaf 1), lycopene epsilon-cyclase (root 1; leaf 1), zeaxanthin epoxidase (root 18; leaf 15), violaxanthin de-epoxidase (root 7; leaf 9) and abscisic-aldehyde oxidase (root 1; leaf 1) ( Table 5) .
Differential gene expression analysis and real-time expression analysis of transcripts involved in secondary metabolism
Differential expression of unigenes identified in root and leaf was assayed by calculating FPKM (Fragments per kilobase of transcript per million mapped reads) values obtained from aligning the root and leaf high quality reads against a reference transcriptome formed by clustering both the samples unigenes. Transcripts were further classified as up and down regulated based on their log fold change (FC) value calculated by FC = Log2 (Treated/Control) formula. FC value greater than zero were considered up-regulated whereas less than zero were down-regulated. Threshold P value was taken 0.05 to filter statistically significant results. A total of 59,188 CDS were found commonly expressed both in root and leaf tissue while 1427 genes were significantly up-regulated and 2208 genes were found down-regulated in leaf tissue as compared to root according to differential gene expression values. A heat map was constructed using the log-transformed and normalized values of genes based on Pearson correlation distances as well as based on complete linkage method. (Additional file 2: Heat map of differentially expressed genes Leaf vs Root). A separate heat map was also generated for the identified unigenes that encode for different enzymes involved in secondary metabolites biosynthesis in root and leaf tissue (Fig. 12) . Genes encoding saponin biosynthesis like acetyl-CoA and octaketide synthase genes (OKS) were highly expressed in both root and leaf tissue. Quantitative real-time PCR assay, as Ct values, was performed for the 16 putative genes belonging to lignin, saponin and aloin biosynthesis pathway. The unigenes related to saponin pathway i.e. HMG-CoA reductase (root CDS_10956_ CDS_1908_Unigene_10,506), were highly expressed in both root and leaf tissue with somewhat higher expression in root than leaf. Genes encoding lignin biosynthesis pathway were also expressed at higher level in Aloe vera root as compared to leaf tissue as presented in DGE data ( Fig. 13 ) (Tables 6, 7 and 8).
As the secondary metabolites are considered to be produced as a defense mechanism of plants under various biotic and abiotic stresses, [43] were also analyzed for relative expression after methyl jasmonate induction and an increase in fold change was noticed after 6 h of treatment while many of the genes were down-regulated after 12 and 24 h of MeJa treatment (Fig. 14) .
Discussion
Aloe vera is one of the most popular medicinal plant used worldwide nevertheless, hardly any work has been conducted on its functional genomics. Only a few nucleotide sequences encoding complete or partial gene sequences are available in public databases like NCBI.
No ESTs or genome survey sequences (GSS) from Aloe vera have been deposited in the GenBank [45] . Therefore, results of this investigation on whole transcriptome sequencing of Aloe vera root as well as leaf tissues are important in the perspective of functional genomics of the plant.
De novo transcriptome assembly and functional annotation
A number of high quality reads, fine transcripts and CDS length obtained from Aloe vera next generation transcriptome sequencing indicates the functionality of Aloe vera sequencing at first sight. CDS were functionally annotated and most of the identified CDS resulted into the significant blast hits for root and leaf samples respectively, which represented a big coverage of Aloe vera genome. The majority of hits were found to be against Elaeis guineensis followed by Phoenix dactylifera for both the samples, showing closer relationship with Aloe vera genotypically. GO mapping was carried out to assign the functions of identified CDS and grouped into three main domains: Biological processes, molecular function and cellular component. From functional GO distribution it was concluded that in the biological processes maximum 5890 genes in root and 6329 genes in leaf were only limited to metabolism and even majority of top BLAST hits i.e. 980 hits in root sample and 922 in leaf sample were found to be involved in metabolic processes, proves high metabolic activity of our research plant.
Transcription factor analysis
The transcription factors (TFs) are sequence specific DNA binding proteins that interact with the promoter regions of target genes to modulate their expression. TFs play a significant role in the regulation of plant development, reproduction, intercellular signaling, cell cycle, response to the environment as well as in modulation of secondary metabolite biosynthesis. Transcription factors like AP2/ERF, bHLH and MYB and NAC were found to be involved in regulating secondary metabolism [46, 47] . TFs family WRKYs have eminent role in regulating secondary metabolism during stress conditions [48] . Identified MYB and NAC transcriptional factors may function as switches in lignin biosynthesis pathways as observed in other plants [49] . Transcription factors identified in Aloe vera database may play a crucial role in modifying the levels of secondary metabolites, to stimulate the production of valuable secondary metabolites and to reduce the level of an undesirable metabolite that have an adverse effect on the quality of Aloe vera.
KEGG pathway mapping and potential gene identification related to secondary metabolism KEGG is the most widely used biological database in the world for biological interpretation of genome sequences using server KASS [50, 51] . The identified CDS were mapped to reference canonical pathways in KEGG and predicted genes were found potentially involved in 24 different KEGG pathway. Five different functional categories were allotted to isolated CDS which encompass metabolism, genetic information processing, environmental information processing, cellular processes and organismal systems. It was found that 194 genes in root and 192 genes in leaf were related to environmental adaptation which proves well adapted feature of Aloe vera in diverse conditions.
The major secondary metabolite related constituents of Aloe vera include anthraquinones, saponin, lignin, sterols, polysaccharides, alkylbenzenes, dehydrabietic acid derivatives, lactin and salicylic acid [52, 53] which attribute for its pharmacological activity. Biosynthetic pathway of secondary metabolites in Aloe vera remains undiscovered till date. Several putative genes related to saponin, lignin, anthraquinone, carotenoid and phenylpropanoid biosynthesis have been identified from Aloe vera root and leaf tissue by KEGG Pathway functional annotation. Saponins are the major secondary metabolites of Aloe vera, well known for pharmaceutical and cosmetic properties [54] . Saponins are a complex and chemically varied group of compounds consisting of triterpenoid or steroidal aglycones linked to oligosaccharide moieties. Steroidal saponins are hypothesized to share a common route with triterpene saponin from C5 isoprenoids, isopentenyl diphosphate (IPP) to the formation of the C30 unit squalene and 2, 3 oxidosqualene. The cytosolic MVA pathway was accepted as the only biosynthetic route to IPP until the plastid bound MEP pathway was elucidated in bacteria and plants. Now, it is generally suggested that sesquiterpenes, triterpenes and steroid are preferentially formed via MVA pathway, whereas, monoterpenes, diterpenes, and carotenoid are formed predominantly via the MEP pathway [55] There is no information as of today that which of the pathways (MVA or MEP) or both are involved in the biosynthesis of saponins precursors and subsequently the number of genes that are involved in the final biosynthesis of saponins in planta / Aloe vera. Squalene synthase (SQS) catalyzes the condensation of two farnesyl pyrophosphate (C15 unit) to 30 carbons compound squalene, the [58] and Siraitia grosvenorii [56] . Squalene epoxidase (SQE) with the cofactors O 2 and NADPH catalyzes the conversion of squalene to 2,3-oxidosqualene that acts as a substrate for various oxidosqualene cyclases [59] . Oxidosqualene cyclases (OSC) catalyze the cyclization of 2, 3-oxidosqualene which is a branching point for the sterol and triterpenoids saponin synthesis [60] . Different OSCs have been characterized in the past few years and named after their respective products like lanosterol synthases, [61] cycloartenol synthases, [62] lupeol synthases [63] and β-amyrin synthases (BASs) [64, 65] . Glycosylation is the final step in steroidal saponin biosynthesis, regulating the biological activities of saponins, catalyzed by glycosyltransferases [66] . Several unigenes encoding acetyl-CoA acetyltransferase, HMG-CoA synthase, HMG-CoA reductase, mevalonate kinase, phosphomevalonate kinase, mevalonate-5-diphosphate decarboxylase, isopentenyl-PP isomerase, farnesyl diphosphate synthase, squalene synthase, squalene epoxidase, cycloartenol synthase, 1-deoxy-D-xylulose-5-phosphate synthase, 1-deoxy-D-xylulose-5-phosphate reductoisomerase and UDP glycosyltransferases which may be potentially involved in saponin biosynthesis pathway, have been identified from transcriptome sequencing. From Aloe vera transcriptome sequencing data no unigene encoding β-amyrin synthase was found, it denotes the lack of triterpenoid saponin in our research plant. However downward steps towards saponin biosynthesis are still unknown for Aloe vera. Anthraquinones, another important group of secondary metabolites in Aloe vera are tricyclic aromatic quinines having strong antibacterial, antiviral, antifungal activity. Aloin, an anthraquinone glycoside is one of the most active metabolite of this group present in Aloe vera [67] . The conjugation of a metabolite with a sugar moiety eases its entry into the target cells leading to the enhancement of the pharmacological activity [68, 69] . To date, very little is known about the biosynthetic steps leading to the formation of aloin/anthraquinones in Aloe vera. Abe et al. [70] have identified from Aloe arborescens a plant-specific polyketide synthase of type-III called octaketide synthase (OKS), that shares 50% amino acid sequence identity with other plant enzymes belonging to chalcone synthase superfamily. OKS catalyzes the iterative condensation of eight molecules of malonyl-CoA, might be involved in the biosynthesis of the octaketide anthrone aloin in Aloe vera. However, recombinant OKS expressed in E. coli has been reported to produce unnatural octaketide SEK4 / SEK4b as derailed shunt products either due to misfolding or glycosylation of heterologously expressed recombinant protein or the absence of interactions with an unidentified tailoring enzyme possibly ketoreductases. The physiological role of OKS in planta is yet to be identified. Earlier Grun and Franz [71] studied the in vitro biosynthesis of aloin from aloe-emodin anthrone and reported that the enzyme responsible for the C-glycosylation of aloe-emodin anthrone is specific for UDP-Glc. The transfer of activated sugar like UDP-glucose to aglycone acceptor molecule is catalyzed by the enzyme UDPglycosyltransferase. Various genes like octaketide/polyketide synthase, aldoketoreductase, and UDP-glycosyltransferase have been identified from transcriptome sequencing which can be useful for unravelling the aloin biosynthesis in Aloe vera.
Enzymes related to lignin biosynthesis viz. L-phenylalanine ammonia-lyase (PAL), caffeoyl CoA O-methyltransferase (CCoAOMT), caffeic acid O-methyltransferase (COMT), 4-coumarate:coenzyme A(CoA) ligase (4CL), cinnamoyl-CoA reductase (CCR), hydroxycinnamoyl transferase (HCT), cinnamate-4-hydroxylase (C4H), 4-coumarate 3-hydroxylase (C3H), ferulate 5-hydroxylase (F5H), cinnamyl alcohol dehydrogenase (CAD), meticulously investigated for their roles in plant development, [49] have been identified from the Aloe vera sequencing database which may be helpful to reveal the steps toward the lignin biosynthesis in Aloe vera.
Aloe vera has been reported to have anti-aging effect similar to vitamin A derivatives. Carotenoids in Aloe vera, serve as precursors of vitamin A in human diet, and are of interest as potential anti-cancer agents [72] . In the past few years, genes encoding enzymes involved in carotenoid biosynthesis in plants have been identified and characterized at the molecular level. Briefly, geranylgeranyl diphosphate (GGPP) which acts as a precursor for carotenoids is synthesized by recruiting MEP pathway of isoprenogenesis. Further, condensation of two GGPP molecules is catalyzed by phytoene synthase (PSY). Subsequent desaturation by phytoene desaturase produces lycopene while the next tier of modifications is catalyzed by cyclases, hydroxylases, and ketolases, resulting in the production of different carotenoids [73] . Various genes belonging to carotenoid biosynthesis including phytoene synthase, 15-cis-phytoene desaturase, zeta-carotene isomerase, prolycopene isomerase, lycopene beta-cyclase, lycopene epsilon-cyclase, zeaxanthin epoxidase, violaxanthin de-epoxidaseand abscisic-aldehyde oxidase have been isolated from sequencing, may pave the way of carotenoid biosynthesis in Aloe vera. In short, the unigenes related to different secondary metabolites biosynthesis, identified from transcriptome sequencing may unravel the secondary metabolism which is most responsible for potent applications of Aloe vera and still undiscovered.
Differential gene expression analysis and real-time expression analysis of transcripts involved in secondary metabolism
Differential Gene Expression (DGE) enables quick and thorough analysis of the gene expression under various conditions for a variety of tissues as a comparative landscape [74] . Based on FPKM values, it was revealed that most of the genes related to secondary metabolism were highly expressed in root as compared to leaf tissue. Most of the root specific transcripts for saponin biosynthesis pathway were found up regulated in DGE data, same was also reported in Asparagus racemosus for steroidal saponin biosynthesis [75] .
Several putative genes involved in saponin biosynthesis like acetyl-CoA acetyltransferase (ACT), mevalonate kinase (MVK), phosphomevalonate kinase (PMVK), mevalonate-5-diphosphate decarboxylase (MDD) and cycloartenol synthase (CAS) were up-regulated in root tissue while DOXP synthase and DOXP reductoisomerase genes were found to be up-regulated in leaf tissue indicating that plastid bound MEP pathway for saponin biosynthesis is dominant in leaf tissue. UDP glycosyltransferase (UGT) and octaketide synthase genes (OKS) were highly expressed in both root and leaf tissue stipulate that aloin is synthesized in both root and leaf tissue in Aloe vera.
The results obtained from quantitative real-time PCR assay of selected genes of saponin biosynthesis including HMG-CoA synthase, HMG-CoA reductase, mevalonate kinase, mevalonate-5 diphosphate decarboxylase, isopentenyl-PP isomerase and cycloartenol synthase reveal that mostly genes were found more expressed in root than in leaf tissue as given in DGE expression data. Exceptionally, HMG-CoA synthase showed higher expression in root tissue which was revert to DGE expression value. From quantitative real time expression results it was UDP-glycosyltransferase, found highly expressed in both root and leaf tissue with somewhat more expression in root indicating biosynthesis of anthraquinones in leaf as well as root. Putative genes encoding lignin biosynthesis pathway were also substantially better expressed in Aloe vera root as compared to leaf tissue as presented in DGE data indicating its reliability.
The secondary metabolites are considered to be produced as a defense mechanism of plants against various undesirable environmental encounters including biotic and abiotic stresses [43] . Several studies have demonstrated that chemical elicitors like methyl jasmonate mediate such metabolic responses to environment through an extensive transcriptional reprogramming of the plant metabolism. In this study it was observed that most of the genes of saponin pathway were up-regulated on exposure of leaf tissue to methyl jasmonate, similar to that reported in Asparagus racemosus, a saponin rich medicinal plant [75] . Expression of HMG-CoA reductase, mevalonate kinase, mevalonate-5 diphosphate decarboxylase and isopentenyl-PP isomerase genes was maximum after 12 h of treatment and declined after 24 h of treatment while HMG-CoA synthase and cycloartenol synthase showed maximum expression after 24 h of treatment. The aglycone moiety of saponins is a triterpene derivative. Triterpenes are usually synthesized predominantly via mevalonate pathway of isoprenogenesis wherein HMGS catalyzes a step that not only holds the second degree of regulatory position but also produces a precursor for the primary regulatory step, the HMGR catalyzed reaction. The observed high expression of CAS is in alignment with the elevation in saponin biosynthesis through improved production of triterpene alcohols in preference to triterpene hydrocarbon like β-amyrin through carbon flux control at this branch point in favour of sterols. Failure to have a detectable level of expression of β-amyrin synthase is an avowal of this postulation. Aloin biosynthesis pathway related genes were also upregulated and showed maximum expression after 24 h of methyl jasmonate induction, indicating the correlation of both aloin and saponin with defense mechanism of Aloe vera. There was a little fold change in expression was noticed for the putative genes encoding lignin biosynthesis, showing no significant role of lignin in plant defense mechanism during stress conditions.
De novo assembly of transcriptome data in conjugation with DGE analysis served as a powerful approach for the identification of genes involved in the biosynthesis of important secondary metabolites pertaining to different chemical classes in Aloe vera -a non-model plant. The transcriptome database generated by this study will provide an important resource that may aid in identification and characterization of gene related to the specialized metabolism in the plant as well as understanding the function of gene set(s) in the biology and physiology of plant, metabolic pathways and their regulations, signal transduction mechanism, and marker-assisted breeding particularly for chemotype development in this species as well as other species of genus Aloe.
Conclusions
Aloe vera is well known plant used worldwide for its medicinal and cosmetic properties due to its specialized metabolic competence. However, despite significant knowledge on chemical composition and healthful properties, any significant information about its genomics is completely lacking. Therefore, in the present study, transcriptome sequence data for Aloe vera root and shoot was generated using NGS technology. The transcriptome sequences have been assembled, annotated and analyzed with special emphasis on secondary metabolism. The assembly and genes have been validated by gene expression analysis. The potential genes isolated can be exploited for characterization of metabolic understanding and modulation of saponin, aloin, carotenoid and lignin biosynthesis in Aloe vera. Identified transcription factors may be recruited to understand their relative regulatory significance across different metabolic processes in the plant and undertake metabolic engineering studies. To our knowledge, this would be the first transcriptome sequencing study of Aloe vera until now.
Methods
Sample preparation and Total RNA isolation
Aloe vera was grown in the herbal nursery at Guru Jambheshwar University of Science and Technology, Hisar, India. Young leaves and roots were collected from the healthy plant, snap freezed in liquid nitrogen and stored at − 80°C for further use. Total RNA was isolated from each tissue using RNeasy Plant Mini Kit (Qiagen) according to manufacturer's instructions. The quality of the isolated RNA was checked on 1% denaturing agarose gel for the presence of 28S and 18S bands. Further, the RNA quality and quantity was analysed by using Qubit fluorometer.
Library preparation
Total RNA isolated from the plant samples was used for the preparation of RNA-Seq paired end sequencing libraries with the help of TrueSeq® Stranded mRNA sample preparation kit (Illumina). Enrichment of mRNA from the total RNA was done with the help of poly-T attached magnetic beads which was followed by enzymatic fragmentation and 1st strand cDNA conversion. The second strand was then synthesised form the 1st strand using second strand mix and Act-D mix to facilitate RNA dependent synthesis. Then the double stranded cDNA samples were purified using AMPure XP beads (Agencourt Biosciences). These beads selectively binds larger double stranded cDNA samples and excess of primers, nucleotides, salts and enzymes were removed making the products free from any kind of contaminants. It was then followed by adapter ligation, A-tailing and enrichment by limited number of PCR cycles. The PCR amplified library was analyzed in Tape Station 4200 (Agilent Technologies) using High Sensitivity (HS) D5000 Screen Tape assay kit as per manufacturer instructions.
Sequencing and quality control
The cDNA library was then used for paired end sequencing using Illumina Hi-Seq platform (2 × 150 bp chemistry) to generate the raw data for both the samples. In paired end sequencing the template fragment is sequenced in both forward and reverse directions. The samples were allowed to bind with complementary adapter oligos on paired-end flow cell with the help of kit reagents. The adapters were designed in order to allow selective cleavage of the forward strands after re-synthesis of the reverse strand during sequencing. The opposite end of the fragment was then sequenced from the copied reverse strand. Prior to the assembly the raw data obtained was processed to obtain high quality reads. Trimmomatic v0.35 was used to remove adapter sequences, ambiguous reads (reads with unknown nucleotides "N" larger than 5%), and low-quality sequences (reads with more than 10% quality threshold (QV) < 20 phred score). A minimum length of 100 nt (nucleotide) after trimming was applied. After removing the adapter and low quality sequences from the raw data high quality reads were retained for root and leaf sample respectively. This high quality (QV > 20), paired-end reads were used for de-novo assembly.
De-novo transcriptome assembly, validation and CDS prediction
The high quality reads for both the samples were then assembled into transcripts using RNA-Seq assembler Trinity [41] . While assembling the transcripts there is a chance that large amounts of misassembled transcripts, erroneous and poorly supported transcripts may arise, therefore, all high quality reads were assembled with their respective assembled transcripts using Burrows-Wheeler Aligner [76] . The non-redundant transcripts were further clustered together using CD-HIT-EST-454 [77] at 95% identity and query coverage. After the assembly and clustering of transcripts, sequences were obtained that could not be extended further, these sequences were termed as unigenes. The unigenes were then used to predict coding sequences within them using TransDecoder.
Gene ontology analysis
For the annotation, the predicted CDS were searched against NCBI non redundant(Nr) protein database (http://www.ncbi.nlm.nih.gov) using Basic local alignment search tool (BLASTx) with a common significance threshold cut-off of E-value ≤1e-05. Gene ontology (GO) annotations of the CDS were carried out with the help of Blast2GO program [78] . The BLASTx result accession IDs were searched directly in the gene product table (dbxref ) of GO database. The GO mapping differentiated the predicted CDS into three major domains representing gene product properties namely: Biological process, Molecular function and Cellular component. Each predicted CDS may have more than one GO term assigned either in the same domain or in different domains i.e. biological process, molecular function and cellular component [79] .
Functional annotation of KEGG pathway
For the identification of possible involvement of the predicted CDS in various biological pathways, the CDS were mapped to the reference canonical pathways in Kyoto Encylopedia of Genes and Genomes (KEGG) database [80] . Five major divisions under which the CDS were distributed included metabolism, genetic information processing, environmental information processing, cellular processes and organismal systems. The information obtained upon KEGG analysis included KEGG Orthology (KO) assignments, their corresponding enzyme commission (EC) number and prediction of metabolic pathway using KEGG automated annotation server KASS [81] .
Abundance estimation and differential gene expression analysis (DGE)
FPKM (Fragments Per Kilobase of transcript per million mapped reads) values were calculated to measure the expression level of each assembled transcript sequence. For FPKM measurement a reference transcriptome was first generated by clustering both the samples unigenes i.e. leaf and root. The high-quality cleaned reads from each sample were aligned separately on reference transcriptome (clustered unigene of both the samples) using burrows wheeler aligner (bwa). The read count profile from the output file (.sam) of bwa alignment was generated by using SAMtools [82] . Differential gene expression (DGE) analysis was performed employing a negative binomial distribution model (DESeqv1.8.1 package http://www-huber.embl.de/users/anders/DESeq/) [83] . Dispersion values were calculated using following parameters: method = blind, sharing mode = fit-only and fit type = local. On the basis of log fold change (FC) the transcripts were further classified as up and down regulated. The log fold change value was calculated by using the formula: FC = Log2 (Treated/Control). Transcripts having FC value greater than zero were considered up-regulated whereas less than zero, were down-regulated. To obtain statistically significant results P value threshold of 0.05 was used. With the help of Multiple Experiment Viewer (MEV v4.9.0), a complete linkage hierarchical cluster analysis was performed on top 100 differentially expressed genes. A heat map (cluster) depicts the level of transcript abundance. Levels of expression are represented as log2 ratio of transcript abundance between leaf and root samples. A heat map was constructed employing the log-transformed and the normalized value of genes based on Pearson correlation distance as well as based on complete linkage method.
Transcription factor analysis
The predicted CDS were searched against Plant transcription factor database (PlantTFdb) [84] to obtain the transcription factors from both root and leaf CDS.
Gene validation with qRT-PCR
The transcripts obtained by sequencing were further validated by qRT-PCR. Sixteen unigenes involved in anthraquinone, saponin and lignin biosynthesis were selected for quantitative real-time expression. RNA was isolated with the help of CIA-PCIA method from the root and leaf samples as well as from the plant which was treated externally with methyl jasmonate (250 μM) at time interval of 6, 12 and 24 h. Isolated RNA was further reverse transcribed with the help of Revert Aid First Strand cDNA Synthesis Kit (Thermo Scientific) using oligo dT(18) primers. Specific primers were designed for sixteen unigenes and two housekeeping genes (GAPDH and beta tubulin) with the help of Primer Express software v3.0.1 (List of primers is given in Additional file 3). The qRT-PCR was carried out in triplicates using SYBR® Green Jump Start™ Taq Ready Mix™ (Sigma) on Applied Biosystems ' Step One™ Real Time PCR System. The reaction mixture used included 10 μl of SYBR green master mix, 20 pmol/μl forward and reverse primers and 2 μl of cDNA for a reaction volume of 20 μl. The thermal cycle used was as follows: initial denaturation at 95°C for 20 s followed by denaturation and annealing at 95°C for 3 s and 60°C for 30 s for 40 cycles followed by melt curve analysis: 95°C for 15 s, 60°C for 1 min and 95°C for 15 s. The relative expression levels were determined using 2 -ΔΔCt method [44] .
